ABSTRACT BACKGROUND: Prior exposure to stress is a risk factor for developing posttraumatic stress disorder (PTSD) in response to trauma, yet the mechanisms by which this occurs are unclear. Using a rodent model of stress-based susceptibility to PTSD, we investigated the role of serotonin in this phenomenon. METHODS: Adult mice were exposed to repeated immobilization stress or handling, and the role of serotonin in subsequent fear learning was assessed using pharmacologic manipulation and western blot detection of serotonin receptors, measurements of serotonin, high-speed optogenetic silencing, and behavior. RESULTS: Both dorsal raphe serotonergic activity during aversive reinforcement and amygdala serotonin 2C receptor (5-HT2CR) activity during memory consolidation were necessary for stress enhancement of fear memory, but neither process affected fear memory in unstressed mice. Additionally, prior stress increased amygdala sensitivity to serotonin by promoting surface expression of 5-HT2CR without affecting tissue levels of serotonin in the amygdala. We also showed that the serotonin that drives stress enhancement of associative cued fear memory can arise from paired or unpaired footshock, an effect not predicted by theoretical models of associative learning. CONCLUSIONS: Stress bolsters the consequences of aversive reinforcement, not by simply enhancing the neurobiological signals used to encode fear in unstressed animals, but rather by engaging distinct mechanistic pathways. These results reveal that predictions from classical associative learning models do not always hold for stressed animals and suggest that 5-HT2CR blockade may represent a promising therapeutic target for psychiatric disorders characterized by excessive fear responses such as that observed in PTSD.
Stress exposure is a risk factor for the development of posttraumatic stress disorder (PTSD) in humans (1, 2) . Humans with PTSD often have strong memories for the traumatic experiences that underlie their disorder (3) but also exhibit heightened fear conditioning in laboratory settings (4, 5) . In preclinical studies, the relationship between stress exposure and subsequent trauma-related memory can be studied by exposing rodents to stressors and examining the impact on Pavlovian fear conditioning. In this model, fear conditioning itself does not lead to PTSD; only stress-exposed animals display the excessively strong fear memories that are also observed in humans with PTSD. The exaggerated fear response typically observed in stress-exposed animals (6) is often attributed to either strengthened encoding (7) or consolidation processes (8) .
Serotonin plays a critical role in the regulation of emotion, and dysregulation of serotonergic systems is associated with stress-related affective disorders (9) , including PTSD. Multiple lines of evidence suggest that excess serotonin is linked to altered threat processing. For instance, individuals that carry the short variant of the gene encoding the serotonin transporter (SLC6A4), which is thought to impair synaptic serotonin uptake, display increased amygdala reactivity to briefly presented (phasic) aversive stimuli (10) . In rodent studies, during aversive learning, serotonin is released into projection regions of the dorsal raphe nucleus (DRN) via phasic firing changes in response to discrete stimuli (11) (12) (13) . The extracellular serotonin levels in downstream DRN targets, like the basolateral amygdala (BLA), can remain elevated for at least an hour after learning is completed (14, 15) . Although serotonin acts through several receptor subtypes in the BLA, the serotonin 2C receptor (5-HT2CR) is of interest because these receptors are heavily expressed in BLA neurons that regulate anxiety (16) and 5-HT2CR agonists promote anxiety in humans (17) . Furthermore, viral-mediated overexpression of 5-HT2CR in amygdala produces anxiogenic effects (18) , while pharmacologic blockade of amygdala 5-HT2CR prevents stress-induced anxiety-like behaviors (19) .
Here, we examine behavior in a rodent paradigm in which repeated exposure to stress produces a vulnerability to heightened fear learning (6) and demonstrate that this vulnerability emerges from a serotonergic fear memory consolidation 
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process that is not present in unstressed mice. This consolidation process requires serotonergic activity in the DRN during aversive reinforcement and 5-HT2CR signaling in the BLA, a major target structure of the DRN (20) (21) (22) (23) (24) , after aversive learning. Interestingly, we also show that serotonin activation by either signaled or unsignaled footshocks is sufficient to enhance associative fear memory in stressed animals, an effect not predicted by classic theoretical models of associative learning. We show that stress enhances cell surface expression of 5-HT2CRs in the amygdala without affecting total serotonin levels during fear conditioning. Thus, aversive reinforcement is processed differently in the brain of a stress-exposed animal, and this profoundly impacts memory for later aversive experiences. These findings reveal fundamental mechanisms underlying the operation of a critical neural system in affective processing and provide new principles both for associative learning theory and the prevention of stress-related psychiatric disorders.
METHODS AND MATERIALS

Subjects
Adult male C57BL/6 mice (Taconic, Germantown, New York) or transgenic mice (25) 
Surgical Procedures
For some experiments, mice received cannulae implants, optical fiber implants, or virus infusions, as described in the Supplement.
In Vivo Recording. Single-unit recordings were conducted in anesthetized SERT-Cre mice weeks after stereotactic delivery of virus to the DRN. Cell-attached recordings, which enabled well-isolated single-unit recordings, were obtained using a standard blind in vivo patching technique (26) . See the Supplement for details.
Drugs. The selective 5-HT2CR antagonist 6-chloro-2,3-dihy- 
RESULTS
Repeated Stress Enhances the Consolidation of Fear Memories Established Under Degraded Contingency
Stress exposure can enhance learned fear memories (6, 27, 28) , modeling the way in which a history of stress exposure can predispose humans to disorders of fear or anxiety (1, 29) . Here, we exposed mice to either 2 days of immobilization stress (stress; 1 hour/day) or handling (no stress), followed by auditory fear conditioning ( Figure 1 ). Unlike previous studies that examined the relationship between stress and subsequent auditory fear memory (6,27), we used an auditory fear conditioning protocol in which two of four tone and footshock presentations were explicitly unpaired (50% pairing), thereby reducing the tone-footshock contingency. Such a paradigm may be more sensitive to the effects of stress than a conventional protocol where the pairing is 100% (30) . Conditional fear to the tone was assessed in a novel environment either 2 hours (short-term memory) or 24 hours (long-term memory) after fear conditioning ( Figure 1A ). Prior stress did not impact the amount of conditional freezing to the tone during fear acquisition (Supplemental Figure S1A) Figure 1A , right). All groups exhibited comparable, low levels of freezing during the 3-minute baseline period of the auditory fear test (Fisher's PLSD comparing no stress with stress, ps . .230; Figure 1A , left and right), indicating no generalization between the conditioning and testing contexts. Stress did not enhance fear memory via changes in pain processing, general motor activity, or memory retrieval (Supplemental Figures S1B-D and S2 ). Enhanced fear memory was also observed only after repeated stress (Supplemental Figure S3) . The findings that repeated stress enhances long-term but not short-term fear memory when given before fear conditioning suggests that immobilization stress enhances fear responses by strengthening fear memory consolidation.
Serotonergic Fear Memory Consolidation Is Selectively Enabled by Stress
Because our stress paradigm enhanced fear memory consolidation and serotonin is also implicated in the consolidation of memories (31-34), we determined whether stress-related enhancement of long-term fear memory consolidation is mediated by serotonin signaling in the BLA. Mice were implanted with bilateral cannulae in the BLA before stress or handling. Intra-BLA administration of the highly selective 5-HT2CR antagonist SB242084 (.4 μg/.4 μL) (24) immediately following fear conditioning completely blocked stress-induced Figure 1B ) but did not affect fear levels in the absence of prior stress (Fisher's PLSD comparing no stress-vehicle 5 27.78 6 5.91% and no stress-SB242084 5 19.44 6 6.21%, p 5 ns). These findings reveal that serotonin-mediated consolidation of fear memory occurs through amygdalar 5-HT2CRs and is selectively enabled by a prior history of immobilization stress exposure.
Stress Enhances Amygdala Sensitivity to Serotonin
There are at least two possible mechanisms by which repeated stress may selectively engage serotonergic consolidation of fear memory through 5-HT2CR. One possibility is that stress enhances the release of serotonin from DRN afferents to the BLA during fear conditioning. As an alternative or concurrent change, it is possible that stress may increase the membrane expression of postsynaptic serotonin receptors in BLA neurons (35, 36) , leading to enhanced postsynaptic sensitivity to serotonin release by the DRN.
First, we determined whether prior stress impacts BLA serotonin levels during conditioning. In addition to the 50% pairing fear conditioning protocol (two tone-shock pairings with two unpaired tones and two unpaired footshocks), a 0% pairing protocol was used (four unpaired tones and four unpaired footshocks). This allowed us to determine whether BLA serotonin levels differ when negative reinforcement is uncoupled from the auditory cue. Two control groups were included: one remained in the home cage (home cage group) and the other was placed in the conditioning context without tones or footshocks (context only group). Mice were sacrificed 30 minutes following fear conditioning, a time point where extracellular serotonin in the amygdala is maximally elevated by the conditioning procedure (14, 15) .
The serotonin content of the BLA was increased by fear conditioning (conditioning: F 1,36 = 4.381, p , .05, n = 4-8/ group; Fisher's PLSD comparing all stress and no stress groups with control groups, p , .05; Figure 2 ) but not exposure to the novel context (Fisher's PLSD comparing context only and home cage groups, p 5 ns; Figure 2) , consistent with other studies showing that fear conditioning and other stressors increase extracellular serotonin in the amygdala (14, 37) . Within the groups that received fear conditioning, there was no effect of pairing on serotonin levels (pairing: F 1,27 = .46, p = ns; Figure 2) , and, most critically, serotonin was similarly elevated in stress and no stress mice (pairing 3 stress: F 1,27 5 .002, p 5 ns; n 5 7-8/group; Figure 2 ).
Because the BLA homogenates contain both extracellular and vesicular serotonin content in the BLA, it is possible that the lower levels of serotonin observed in the control groups reflect greater release of serotonin. To clarify this, we used high-pressure liquid chromatography to measure the primary serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) in a subset of the homogenates (Supplemental Figure S4) . We found that 5-HIAA levels were low in the context only control group and significantly increased by fear conditioning (conditioning: F 1,14 5 10.54, p , .01; Fisher's PLSD comparing all stress and no stress groups with context only, p , .05) but similarly elevated in the stress and no stress groups Figure S4 ). This suggests that the changes we observed in serotonin may predominantly reflect extracellular release, even though our method of detection is not specific for extracellular serotonin. Conservatively, our results show that BLA serotonin content is elevated by fear conditioning, but this is not influenced by the prior immobilization stress history of the animals. The similar postconditioning levels of serotonin and its metabolite 5-HIAA when comparing subjects receiving the 0% pairing with the 50% pairing paradigm also suggests that footshock is the primary factor in determining conditioningrelated increases in BLA serotonin. We next examined the postsynaptic sensitivity of BLA neurons to serotonin following stress by measuring the surface expression of 5-HT2CR in the BLA. Mice received either 2 days of immobilization stress (stress groups) or handling (no stress groups), followed by auditory fear conditioning with 50% pairing. Mice were sacrificed 10 minutes after fear conditioning ended. 5-HT2CR density was assessed at this postconditioning time point because it corresponds roughly to both the time when serotonin is first significantly elevated by fear conditioning (14, 15) and a time when cellular consolidation of fear memory is occurring (38) .
We found that repeated stress produced a significant increase in surface membrane expression of the 5-HT2CR in the amygdala measured shortly following fear conditioning (stress: F 1,26 5 4.887, p , .05, n 5 12-16/group; Figure 3A) , without affecting the total pool of 5-HT2CR (stress: F 1,10 5 1.504, p 5 ns, n 5 6/group; Figure 3B ). This finding suggests that repeated stress alters trafficking of 5-HT2CR, as opposed to an upregulation of gene transcription or protein translation. Stress is known to trigger editing of the pre-messenger RNA for the 5-HT2CR (39) through adenosine deaminase acting on RNA 1 (40) . Because edited forms of the 5-HT2CR are known to have less internalization from the membrane surface (41), we also examined expression of adenosine deaminase acting on RNA 1 protein. We found that repeated stress significantly enhances total levels of this protein in the BLA (stress: F 1,10 5 4.975, p , .05, n 5 6/group; Figure 3C ). Such a finding is consistent with other reports showing that edited 5-HT2CR is more prevalent in the membrane of amygdala cells in mice that display increased anxiety and responsiveness to stress (42) . Together, these data show that the amygdala exhibits an enhanced membrane presence of 5-HT2CR following repeated stress. 
Serotonergic DRN Activity During Aversive Reinforcement Is Required for Stress Facilitation of Fear Memory
Our data reveal that stress recruits a serotonergic consolidation mechanism for BLA-dependent fear memory, but the conditions during fear learning that lead to serotonin release into the BLA are unclear. Serotonergic DRN neurons exhibit heterogeneous, transient responses to a wide variety of discrete stimuli (11), including footshock (12) . Most DRN neurons are unresponsive to acoustic stimuli (43), but excitation is observed in a very small population of cells (13) . Thus, it is possible that stress could enhance fear memory by altering BLA responses to serotonin released by the auditory or shock stimuli or their contingent pairing during fear conditioning. The DRN of SERT-Cre mice was transduced with the lightdriven opsin Arch (Arch-green fluorescent protein [GFP] groups), which enables rapid and reliable large hyperpolarizing currents in neurons in response to pulses of green-yellow light (Supplemental Figures S5 and S6) (44) . Control groups received a virus expressing only GFP (GFP groups). The lightweight optical fiber system used for light delivery did not impair movement or exploration within the conditioning chamber (group: F 1,6 5 .002 and .131; p 5 ns, n 5 4/group; Figure 4A ).
Typically, a conditional fear response is established by pairing 100% of neutral tones with aversive footshock. Stress does enhance long-term fear memory (group: F 1,15 5 6.581, p , .05; Fisher's PLSD comparing no stress 5 54.94 6 6.83% and stress 5 79.86 6 6.38%, p , .05, n 5 8-9/group; Supplemental Figure S7A ) without potentiating fear retrieval or performance (group: F 1,17 5 3.274, p 5 ns, n 5 9-10/group; Supplemental Figure S7B ) when such a paradigm is used. However, consistent with the prior experiments, we used 50% pairing to enable selective silencing of DRN serotonergic activity during the presentation of noncontingent or contingent cues and reinforcers, appropriate for parsing the relationship between serotonergic activity and temporally limited stimulus presentation during auditory fear conditioning. This also ensured that unstressed animals would exhibit moderate levels of conditional freezing in the long-term memory test, with ample room for potentiation by stress. Continuous light was applied for 30-second periods, a duration corresponding to the length of the tone used, across the three experimental conditions (Figure 4) , equating the length of silencing across the different groups.
Photoinhibition during noncontingent footshocks ( Figure 4B ), noncontingent tones ( Figure 4C ), or contingent tones and footshocks ( Figure 4D ) produced different effects on fear memory. Notably, silencing serotonin activity during unpaired footshocks blocked stress-related enhancement of freezing in stress-Arch relative to stress-GFP mice (stress: F 1,18 5 1.39, p 5 ns; stress 3 tone 3 virus interaction: F 1,18 5 5.904; p , .05; Fisher's PLSD, p , .05, n 5 5-6/group; Figure 4B ). In contrast, despite an enhancement of fear memory by stress exposure (stress: F 1,20 5 9.08, p , .01; stress 3 tone interaction: F 1,20 5 12.285, p , .001, n 5 6-8/ group; Figure 4C ), photoinhibition of serotonergic activity during unpaired tones did not result in a difference in freezing levels between stress-Arch and stress-GFP control mice (p 5 .551, Fisher's PLSD). As might be expected if the shock were the salient stimulus for the release of serotonin into its efferents, photoinhibition of DRN serotonin neurons during paired tones and footshocks prevented the stressenhancement of fear (stress: F 1,16 5 .498, p 5 ns; stress 3 tone 3 virus interaction: F 1,16 5 7.228, p , .05, n 5 4-7/ group; Figure 4D ). Similar to the effect observed following silencing of DRN neurons during the footshock alone, conditional freezing to the tone in stress-Arch mice was reduced compared with stress-GFP (p , .05, Fisher's PLSD).
DISCUSSION
Perhaps the most surprising finding of our study was that serotonergic fear memory consolidation was only engaged in mice with a history of repeated stress exposure. This was demonstrated by the selective reduction of fear in stressed, but not unstressed, mice by postconditioning intra-BLA infusion of a 5-HT2CR antagonist ( Figure 1B ) and the lack of effect of DRN photoinhibition on long-term fear memory in unstressed animals under any conditions ( Figure 4B-D) . This cannot be attributed to floor levels of tone-induced freezing in the long-term fear memory test for the unstressed animals: posttone freezing levels were significantly higher than pretone freezing levels for most conditions (Figure 1, Figure 4B-D) . Rather, repeated immobilization stress increases the expression of 5-HT2CR membrane receptors in the BLA measured in the postconditioning consolidation period, and this illuminates a mechanism by which 5-HT2CR-dependent fear memory consolidation is engaged following stress exposure. We measured 5-HT2CR density in the BLA after conditioning because this time point falls within the consolidation window that we identified as critical for stress-related enhancement of fear memory ( Figure 1B) . We do not know whether immobilization stress altered surface 5-HT2CR expression after stress exposure or whether it altered trafficking of these receptors after fear conditioning; this issue remains an important open question for future studies. Previous studies reported that lesions or pharmacologic inactivation of the DRN did not alter fear conditioning processes in unstressed animals but did block potentiation of fear produced by a prior stressor (45, 46) , consistent with our finding that serotonin signaling through the 5-HT2CR has a nonessential role in fear learning in animals lacking a history of stress exposure.
A second surprising finding from our study relates to the observation that DRN serotonin activity during unpaired footshocks regulates the associative memory strength of the tonefootshock pairings ( Figure 4B ). Typically, when unsignaled reinforcement is given between cue-reinforcer pairings, as in a degraded contingency paradigm (cue-reinforcer pairings held constant and extra reinforcers given) or a reduced temporal overlap paradigm as used here (total number of cue and reinforcer presentations held constant but number of pairings reduced), it reduces the overall level of associative learning for the cue-reinforcer pairing (47) (48) (49) . Such a finding is accounted for in associative learning theory by positing that a contextreinforcer association competes with the cue-reinforcer association either at the time of encoding or the time of retrieval (50, 51 signaling of the neurotransmitter released by unpaired reinforcement, it should be augmenting the reduction of the associative learning for the cue-reinforcer pairing, and thus blockade of this signaling should actually enhance learning for the cue-reinforcer association. Here, we show that, contrary to this prediction, eliminating serotonergic activity during the unpaired footshocks reduces associative memory strength ( Figure 4B) , revealing that the serotonergic activity driven by unsignaled footshock enhances associative memory strength for the tone-footshock pairings but only in mice with a history of stress. The ability of the unsignaled footshocks to affect associative learning for the tone-footshock pairing occurs, in part, because the relevant biochemical signal for consolidation (serotonin, persisting for tens of minutes postconditioning; Figure 2 ) greatly outlasts the trigger for a necessary signal (aversive footshocks, persisting for seconds; Figure 4 effect that is typically not accounted for in classical associative learning models that explain learning through variation in the ability of the aversive reinforcer to support learning (52) . Our results reveal a novel mechanism by which unsignaled aversive reinforcers modulate associative aversive learning and also reveal a specific set of circumstances in which the rules of learning theory are affected by state variables, such as stress. While many associative learning theories have been criticized for a failure to specifically account for the influence of state variables (53) , there has been little consideration of this issue by neurobiologists who study stress and other state variables (Supplemental Discussion). Given the importance of associative learning theory for motivating both behavioral and computational approaches to learning (54), we argue that thoughtful consideration of how experience influences learning theory is worthwhile.
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Our observation that repeated stress administered after fear learning during a presumed consolidation window does not enhance fear memory (Supplemental Figure S2 ) may seem to conflict with our claim that stress enhances fear memory by augmenting consolidation ( Figure 1A, B) . Additionally, the observation that optogenetic inhibition of the serotonergic dorsal raphe during conditioning is sufficient to prevent stressrelated enhancement of fear (Figure 4 ) also may appear at odds with the claim that serotonin is important for consolidation. However, there are at least two viable resolutions for this apparent conflict. First, while aversive reinforcement triggers activity in serotonergic neurons (12) (Figure 4) , it is clear that synaptic serotonin can remain elevated in projection regions such as the BLA for at least an hour following conditioning (14) . Thus, serotonin may bind to its receptors during both fear learning and a brief ( hours) posttraining consolidation window. Our finding that stress enhances long-term, but not short-term, fear memory ( Figure 1A ; Supplemental Figure S1A ) via postconditioning activity at 5-HT2CRs in the BLA ( Figure 1B) is consistent with this. Given this temporal constraint, repeated stress started 24 hours after fear learning does not alter fear memory strength for prior learning (Supplemental Figure S2) because it cannot alter either the critical time period for serotonergic consolidation shortly following fear learning or the release of serotonin, most likely triggered by footshock during fear learning. Alternatively, our data are also consistent with a model in which serotonin release by aversive footshocks prepares the amygdala for a prolonged period of enhanced consolidation by acting at 5-HT2CRs shortly following fear learning. The prolonged elevation of extracellular serotonin observed after fear conditioning (14, 15) may then act through 5-HT2CRs or other serotonin receptors to further stabilize fear memories.
In summary, during fear learning, serotonergic neurons make a critical contribution to the fear-enhancing effect of stress (Supplemental Discussion), elicited by the presentation of aversive stimuli during fear conditioning. Furthermore, this effect is mediated by postsynaptic actions at 5-HT2CRs in the BLA, which enhance fear memory consolidation, though additional mechanisms may contribute (Supplemental Discussion). These results show that while the triggers leading to serotonin release (i.e., presentation of aversive stimuli) are temporally delimited, the effects of serotonin on downstream targets like the BLA are persistent. This mechanism may explain why polymorphisms in human serotonergic genes are often associated with enhanced aversive processing, especially following a history of traumatic life events (10, 55, 56) .
While our rodent model of PTSD is simple, it does capture critical features of the disorder. The strong fear memory of the fear conditioning experience in stressed animals mirrors the strong memories for traumatic events often observed in humans with PTSD (57) . While PTSD involves additional symptoms, the intrusive nature of the traumatic memory may contribute to some other symptoms, such as hypervigilance or sleep disturbance (3, 58) . Also, the dose-response relationship between stress exposure and enhancement of fear in our model (Figure 1 ; Supplemental Figure S3 ) parallels the relationship between stress exposure and vulnerability to PTSD in humans (59) . Our demonstration that pharmacologic and optogenetic inhibition of a serotonergic subcircuit selectively reduces fear in stressed animals with pathologic (exaggerated) fear levels, without affecting fear responding in unstressed animals, overcomes a critical barrier to the successful treatment of stress-induced anxiety disorders such as PTSD. The benchmark for the successful treatment of PTSD should not be the elimination of fear but simply its reduction to normal, adaptive levels. Our results suggest that administration of a 5-HT2CR antagonist, such as agomelatine, already Food and Drug Administration-approved for human use, might prevent or treat PTSD by reducing the consolidation or reconsolidation of traumatic memories. One case report has shown that agomelatine produced full remittance of PTSD in one patient (60) ; clearly, additional studies are warranted.
